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Note to students: The goal of this course is to ex-
plore the “physics of astrophysics”. What physics gov-
erns the behavior of the astrophysical objects we ob-
serve? How can we interpret our observations, in light
of the relevant physics, to understand what’s going on
inside a particular star, nebula or galaxy? To reach
this goal we need to bring together a diverse range of
physics – some of which you will have seen in other
courses, some of which will be new. These ideas cover
a broad range of material, not all of which is in a sin-
gle textbook. Thus, we’ve got the course notes for our
text.
You should note units and dimensions. These notes
are in cgs, as is most of the astrophysical literature.
That makes very little difference for “rocks” (analyses
that involve mass, length, time); but it makes a big dif-
ference for electrodynamics. The E and B fields, as
well as the fundamental charge, have different dimen-
sions in cgs than in SI; and the coupling constants in
Maxwell’s equations are different.

Contents

1 Astrophysical plasmas we’ll meet 1

2 Some basic plasma tools 4
2.1 Distribution functions . . . . . . . . . 4
2.2 Collective effects . . . . . . . . . . . 4

2.2.1 Plasma waves . . . . . . . . . 4
2.2.2 Debye shielding . . . . . . . 5

2.3 Single particle motions . . . . . . . . 5
2.3.1 Gyromotion . . . . . . . . . . 5
2.3.2 Particle drifts, external forces 6

2.3.3 Particle drifts, non-uniform B
field . . . . . . . . . . . . . . 6

2.4 Adiabatic invariants . . . . . . . . . . 7
2.5 Applications . . . . . . . . . . . . . . 7

2.5.1 magnetic mirrors . . . . . . . 7
2.5.2 Particle acceleration . . . . . 7
2.5.3 Earth’s radiation belts . . . . 8

3 Collisions in Plasmas 9
3.1 The Spitzer collision cross section . . 9

3.1.1 the basics . . . . . . . . . . . 9
3.1.2 mnemonics and extensions . 10

3.2 Anomalous effects . . . . . . . . . . 10
3.3 Apply this: conductivity. . . . . . . . 11

3.3.1 isotropic conductivity . . . . . 11
3.3.2 anisotropic conductivity . . . 11

3.4 Apply this: diffusion . . . . . . . . . 12
3.4.1 isotropic diffusivity . . . . . . 12
3.4.2 anisotropic diffusivity . . . . 12

4 Basic fluid dynamics 14
4.1 Fluids: basics . . . . . . . . . . . . . 14

4.1.1 mass conservation . . . . . . 14
4.1.2 momentum conservation . . . 15
4.1.3 lagrangian derivative . . . . . 15

4.2 Apply: hydrostatic equilibrium . . . . 15
4.2.1 planar atmosphere . . . . . . 16
4.2.2 stellar equilibrium . . . . . . 16
4.2.3 star formation: gravitational

instability . . . . . . . . . . . 16
4.3 Apply: Sound waves . . . . . . . . . 17

i



ii Physics 425 Notes Fall 2009

4.4 Apply: the Bernoulli effect . . . . . . 17
4.4.1 example: free expansion . . . 18

5 Basic MHD 19
5.1 The Lorentz force . . . . . . . . . . . 19
5.2 Apply: plasma confinement . . . . . . 19
5.3 Apply: Alfven waves . . . . . . . . . 20
5.4 The induction equation . . . . . . . . 21

5.4.1 Ideal limit: flux freezing . . . 21
5.4.2 resistive limit: flux annihilation 22

5.5 Protostellar collapse, revisited . . . . 22

6 One-dimensional flows 25
6.1 The sound speed is important . . . . . 25
6.2 Outflow: 1D channel flow . . . . . . . 25
6.3 Outflow: stellar winds . . . . . . . . 26

6.3.1 Why must there be a solar wind? 26
6.3.2 The basic wind solution . . . 26
6.3.3 What about MHD effects? . . 27
6.3.4 What about shocks? . . . . . 28

6.4 Inflow: Spherical Accretion . . . . . . 28
6.4.1 Basic ideas . . . . . . . . . . 28
6.4.2 Spherical (bondi) accretion . . 28

7 Wave propagation in plasmas 30
7.1 Plasma Oscillations . . . . . . . . . . 30

7.1.1 Cold plasma . . . . . . . . . 30
7.1.2 Warm plasma waves . . . . . 30
7.1.3 Damping: collisional . . . . . 31
7.1.4 Damping: collisionless . . . . 31

7.2 EM wave propagation: B = 0 . . . . . 31
7.2.1 Basic: the dispersion relation . 31
7.2.2 Applications and extensions . 32

7.3 EM wave propagation: finite B . . . . 33
7.3.1 Basic: the dispersion relation . 33
7.3.2 Applications and extensions . 33

8 MHD: more applications 35
8.1 MHD waves, again . . . . . . . . . . 35

8.1.1 Alfven waves: gory details . . 35
8.1.2 Magnetosonic waves . . . . . 36

8.2 The cosmic ray-Alfven wave connection 36

8.2.1 Cosmic rays: a quick overview
of the observations. . . . . . . 36

8.2.2 Cosmic rays in the galactic
setting . . . . . . . . . . . . . 36

8.2.3 Alfven waves and wave-
particle resonance . . . . . . . 37

8.3 Magnetic Buoyancy . . . . . . . . . . 38
8.3.1 Convective stability (unmag-

netized) . . . . . . . . . . . . 38
8.3.2 Bouyant instability, magnetized 39
8.3.3 Parker instability . . . . . . . 40

9 Magnetic Topology: Dynamos and Recon-
nection 41
9.1 Magnetic Reconnection . . . . . . . 41
9.2 Reconnection: other approaches . . . 42

9.2.1 Non-steady reconnection . . . 43
9.2.2 Driven reconnection . . . . . 43
9.2.3 Three-dimensional reconnection 43

9.3 MHD Dynamos . . . . . . . . . . . . 43
9.3.1 Cowling’s theorem . . . . . . 44
9.3.2 Parker’s solar dynamo . . . . 44
9.3.3 Scale separation and turbulent

dynamos . . . . . . . . . . . 45
9.3.4 Astrophysical dynamos in the

lab . . . . . . . . . . . . . . . 46

10 Accretion in astrophysics I: star formation 47
10.1 Star formation, recall the basics . . . . 47
10.2 Molecular Clouds as Precursors . . . 47

10.2.1 Observational constraints . . . 47
10.2.2 How do they fragment? . . . . 48

10.3 Young Stellar Objects: how do they
evolve? . . . . . . . . . . . . . . . . 49

11 Accretion II: compact objects 51
11.1 Basic ideas . . . . . . . . . . . . . . 51

11.1.1 Energetics (“Accretion Power”) 51
11.1.2 Eddington luminosity . . . . . 51
11.1.3 Thermal state . . . . . . . . . 51
11.1.4 The transtion to disk accretion 52
11.1.5 Size Matters . . . . . . . . . 52
11.1.6 Jets and outflows . . . . . . . 52



Physics 425 Notes Fall 2009 iii

11.2 The Setting: Compact Stellar Remnants 52
11.2.1 From main sequence stars to

remnants . . . . . . . . . . . 52
11.2.2 The result: (star-sized) com-

pact objects . . . . . . . . . . 53
11.3 The Setting: Active Galactic Nuclei . 54
11.4 Black Holes (a quick visit) . . . . . . 54

11.4.1 Stable orbits . . . . . . . . . 54
11.4.2 Schwarzchild black holes . . . 55
11.4.3 Kerr black holes . . . . . . . 55

12 Accretion III: Disk models 57
12.1 Models of thin (alpha) disks . . . . . 57

12.1.1 Mass conservation . . . . . . 57
12.1.2 Viscosity and torque . . . . . 58
12.1.3 Angular momentum equation 59
12.1.4 Accretion rate and radial velocity 59
12.1.5 What is ν? . . . . . . . . . . 60
12.1.6 Energy dissipation and lumi-

nosity . . . . . . . . . . . . . 60
12.2 Extensions of the model . . . . . . . . 61

12.2.1 Hot and/or thick disks . . . . 61
12.2.2 Accretion flows . . . . . . . . 61
12.2.3 MHD effects . . . . . . . . . 61


